Diffusion-driven charge transport (DDCT) in III-V light-emitting diodes (LEDs) can enable unconventional optoelectronic devices and functionality by fundamentally changing device design and the current injection principle. In our recent study, an AlGaAs/GaAs DDCT-LED consisting of an array of lateral heterojunctions was studied for large-area applications at high powers. Here, we investigate the current spreading and recombination uniformity of a modulation doped GaInP/GaAs DDCT-LED. In particular, we analyze how the background doping of the lower GaInP cladding layer (CL) and the GaAs substrate changes the carrier distribution within the active region of the device. Our charge transport simulations based on the drift-diffusion current and continuity equations predict that modulation doping by a p-doped CL provides much higher recombination uniformity at high powers compared to an n-doped CL. Most importantly, improved current spreading is achieved while maintaining excellent device performance.
Introduction
Past decades have witnessed extensive research on planar optoelectronic devices based on GaN (Krames et al. 2007c; Nakamura and Krames 2013) , and recently also the interest on III-As based light-emitting devices has started to increase again (Olsson et al. 2016; Xiao et al. 2018) . However, the performance of high-power light-emitting diodes (LEDs), using traditional designs based on a double heterojunction (DHJ) structure, where electrons and 1 3 90 Page 2 of 8 holes are injected into the active region (AR) from opposite sides, is still limited by inefficient current spreading at high bias voltages. This leads to current crowding and suboptimal device performance due to the highly concentrated light emission close to the p-contact edge.
The diffusion-driven charge transport (DDCT) injection method (Kivisaari et al. 2013; Riuttanen et al. 2014 Riuttanen et al. , 2015a was recently proposed to reduce the limitations of conventional GaN LEDs, including current crowding, lateral resistance (Kivisaari et al. 2017c) and resistive losses (Kivisaari et al. 2017a) . The DDCT injection is based on bipolar electron and hole diffusion currents that are used to inject charge carriers into ARs located outside the p-n junction. This was suggested to enable new device designs where singlesided electrical injection of lateral heterojunctions (LHJs) increases effective device area and removes the need of light-blocking top contacts, if the light is extracted from the bottom side of the device.
Recently, we suggested that a laterally doped AlGaAs/GaAs DDCT-LED structure (Myllynen et al. 2018) can eliminate the non-radiative surface recombination that can be quite detrimental for high efficiency III-As LEDs (Sadi et al. 2018a ). Our results suggested that the excellent performance of the DDCT-LEDs could be particularly useful in improving the efficiency of double diode structures (DDSs) (Sadi et al. 2018a, b) that we are using to study electroluminescent cooling (ELC) (Santhanam et al. 2013; Lee and Yen 2012; Chen et al. 2017) . However, in our study Myllynen et al. (2018) , we also noted that current crowding still exists in the DDCT-LEDs. Furthermore, we suggested that the current crowding could be reduced with modifying the doping levels in the structure.
In this paper we investigate the effects of modulation doping (MD) (Wang et al. 1984; Dingle et al. 1978 ) on a laterally doped GaInP/GaAs DDCT-LED and show that doping of the lower GaInP cladding layer and the GaAs substrate can substantially improve the current spreading and the recombination uniformity of the device. We use charge transport simulations to compare the effects of the n-and p-type background doping on the recombination uniformity with a doping concentration of 3 × 10 18 cm −3 . Our results predict that the MD has an important role in the lateral current spreading in the AR of the device. In particular, the results show that p-type modulation doping can significantly improve the current spreading in the DDCT-LED with no adverse effects on device performance. Figure 1a schematically illustrates an array of lateral heterojunctions forming the DDCT-LED, and Fig. 1b shows a more detailed structure of a single DDCT-unit. The structure is based on a Ga 0.51 In 0.49 P/GaAs DHJ structure capped with a 100 nm thick Al 0.3 Ga 0.7 As layer and a 20 nm thick GaAs contact layer. The laterally doped heterojunctions are formed above the AR in the GaInP and the AlGaAs layers. When the structure is forward biased, electrons and holes are electrically injected into the lateral p-n junctions. Since the active region consists of GaAs with a band-gap energy of 1.42 eV, the required operation voltage of the LED is determined by this band gap, instead of the larger band gaps of Al 0.3 Ga 0.7 As and Ga 0.51 In 0.49 P that are ∼1.88 eV and ∼1.8 eV, respectively. Consequently, the current flow through the lateral p-n junction is negligible, and thus the charge carriers preferentially diffuse into the active region where they recombine. Furthermore, due to the injection scheme, electrons and holes are effectively 1 3
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Page 3 of 8 90 separated outside the AR, essentially eliminating surface and interface recombination in the device, except at the GaInP/GaAs interfaces around the AR.
Our DDCT-LED is designed so that the LHJs can be fabricated with a selective-area doping that forms p-doped wells on the epitaxially grown n-doped layer structure. The lateral dimensions of the device are chosen so that the widths of the n-and p-contacts and the uncontacted area between the contacts are equal to the fabrication linewidth (LW) of the optical lithography setup we use in ongoing experimental work. For the simulations, we have used an idealistic design for the p-doped region that is extending from the p-contact metal to the edge of the AR in the vertical direction. Also, the shape of the p-doped region is approximated with a square element for simplicity. The uncontacted thin GaAs layer between the contacts is removed with e.g. a selective wet etching process, to eliminate surface recombination at the free GaAs surface, and to remove a parasitic GaAs diode that would have formed within the contact layer. Our simulated device region highlighted in Fig. 1b extends from the middle of the n-contact to the middle of the p-contact, and uses a LW of 5 μm.
Simulation method
Our simulations are performed at room temperature with a two-dimensional numerical transport model based on the continuity equations for charge carriers and the standard drift-diffusion currents, effectively coupling the partial differential equations for the electrostatic potential and the quasi-Fermi levels E Fp and E Fn of the valence band holes and conduction band electrons, respectively, given by Here is the permittivity, q is the elementary charge, p is the hole density in the valence band, n is the electron density in the conduction band, N d is the ionized donor density, and N a is the ionized acceptor density. Also, J p ( J n ) is the hole (electron) current density, p ( n ) is the hole (electron) mobility, and R is the net recombination rate per unit volume. More detailed description of the model can be found in Kivisaari et al. (2015) , Kivisaari et al. (2017b) , Sadi et al. (2014) . The recombination rate R, consisting of Shockley-Read-Hall (SRH) R SRH , radiative R rad , and Auger recombination R Aug , is modeled using the wellknown parameterized formula given by Kivisaari et al. (2015) where n i is the intrinsic carrier density, and A, B and C are recombination constants for SRH, radiative and Auger processes, respectively. Also, the non-radiative surface recombination rate (Chen et al. 2016) was calculated with where V surf is the recombination velocity at the given surface. Similar equation was used for the interface recombination at the top and bottom interfaces of the AR. The recombination parameters used in our simulations are shown in Table 1 .
For analyzing our results we use uniformity of the total recombination within the active region of the LED that was determined as where min(R) and max(R) are the minimum and maximum rates for the total recombination, respectively. With this definition, a value of 1 corresponds to a perfect uniformity, and a value of 0 corresponds to a completely non-uniform situation. Additionally, we use the internal quantum efficiency (IQE) of the devices defined as the ratio between the radiative and the total recombination rates integrated through the device volume. Furthermore, the current density J is defined as the integrated total current across the whole structure divided by the total horizontal cross-section area of the device by assuming a 100 m device length along the unsimulated axis.
Uniformity = min(R) max(R) , Levinshtein et al. (1999) 1 3
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Results and discussion
In analyzing our results, we compare the performance and the current spreading of n-and p-type modulation doped structures with a doping concentration of 3 × 10 18 cm −3 . Figure 2 shows the general current-voltage and internal quantum efficiency trends of the studied structures. In Fig. 2a , a conventional diode behaviour is observed with an SRH recombination dominated region at low bias voltages, a radiative recombination dominated region at a bias range of ∼ 0.9-1.25 V, and a resistive limited region at high biases. In Fig. 2b , the IQE is practically zero at SRH dominated region, after which it increases as the radiative recombination starts to increase. Most importantly, the figure shows that the changes in the background doping have no effects on the device efficiency. Figure 3 compares the uniformity of the total recombination as a function of bias voltage within the AR of the n-and p-type modulation doped LED structures. The figure shows that with p-type MD, the uniformity is significantly higher at large bias voltages above 1.1 V, due to increased and more uniform hole concentration in the AR. Consequently, the negative effect of the imbalanced carrier mobilities, leading to current crowding, decreases. With n-type MD, the uniformity is lower, since the amount of holes available for diffusion is reduced, and the recombination becomes increasingly limited by the hole concentration. Overall, these results are in agreement with our previous study (Myllynen et al. 2018) where we observed that the recombination uniformity was generally limited by the low hole mobility. Figure 4 shows the (a) hole and (b) electron concentrations, averaged in the vertical direction, as a function of lateral position within the AR of n-and p-type MD structures at a current density of 100 A/cm 2 . We observe that the hole concentration with p-type background doping is significantly higher than the electron concentration. As discussed earlier, this effectively overcomes the imbalanced carrier mobilities, and thus increases the recombination uniformity within the AR. In the n-type MD structure, lower uniformity is caused generally by the lack of holes under the n-doped region. In both cases, the sudden change in the doping concentrations at the middle of the AR is likely related to the carrier injection and a MD like effective doping originating from the lateral p-n junction above the AR. Further analysis of the carrier concentrations suggests that most of the additional MD charge is located in a narrow channel close to the GaInP/GaAs interfaces. Figure 5 illustrates the recombination rate within the LED structures for the n-and p-type modulation doping at a current density of 100 A/cm 2 . In both structures, the recombination is more strongly focused under the p-contact, but with the p-type MD in Fig. 5a the difference between the maximum rate under the p-contact and the minimum rate under the n-contact is noticeably smaller compared to the n-type MD structure in Fig. 5b . Also, we observe that the recombination is evenly spread in the vertical direction despite the single-sided injection. Additionally, the recombination is fully confined within the AR, between the GaInP barriers. Overall, our results show that the modulation doping has a clear effect on the current spreading within the AR of the DDCT-LED. Furthermore, it is expected that the recombination uniformity can be further improved by optimizing the Fig. 4 Average a hole and b electron concentration within the AR of n-and p-type MD structures as a function of lateral position at a current density of 100 A/cm 2 Fig. 5 Recombination rate within the a p-type and b n-type modulation doped structures at an average current density of 100 A/cm 2 , showing that the recombination in p-doped LED is significantly more uniform compared to n-doped device where recombination is mostly focused under the p-contact lateral dimensions of the device, and by minimizing the valence band offset at the p-GaInP/ GaAs interface above AR. In a fully optimized structure, the requirements of the optical lithography process and its minimum linewidth could be lowered to allow simpler fabrication of the LEDs.
Conclusions
In conclusion, we used numerical charge transport simulations of laterally doped GaInP/ GaAs DDCT-LED to study the current spreading and recombination uniformity within the AR of the device, comparing the n-and p-type background doping with doping level of 3 × 10 18 cm −3 . We showed that modulation doping from the lower GaInP cladding layer has a strong influence on the current spreading within the AR allowing a promising route to further optimize the current spreading. Our results suggested that p-type background doping provides significantly higher recombination uniformity at high bias voltages due to the MD that increases both the spreading and the concentration of holes within the AR. Furthermore, we showed that the improved current spreading is achieved while maintaining excellent device performance.
